T raumaTic brain injury (TBI) is an alteration in brain function or other evidence of brain abnormality, resulting from an external force applied to the head. Traumatic brain injury occurs in several settings common to daily life, including recreational activities. 21, 25, 30 In the United States, more than 2.5 million people seek medical care for TBI annually.
suggests that even comparatively mild injury-especially when repetitive-is not without cognitive or neuropsychiatric consequences and may contribute to the development of neurodegeneration known as "chronic traumatic encephalopathy." 2, [26] [27] [28] 33, 37 With the growing recognition of the neurocognitive sequelae of head trauma, 3, 19, 37 sports-related TBI has become an important public health concern. The exact annual incidence of sports-related TBI is unknown but is estimated to range from 300,000 to 3.8 million cases per year in the United States. 11, 15, 21, 29, 41 Considerable attention has been focused on amateur and collegiate athletes of popular contact and inadvertent contact sports such as football, wrestling, ice hockey, rugby, soccer, baseball, and softball. 12, 16, 34, 45, 48 Professional sports leagues-most notably the National Football League-have launched initiatives directed at the detection, prevention, and treatment of sports-related head injury. 44 Brain injuries in professional athletes, however, represent only a small fraction of the overall incidence of TBI annually; the vast majority of these injuries occur in recreational athletes. The National Collegiate Athletic Association estimates that less than 1% of high school athletes go on to becoming professional athletes irrespective of the sports discipline. Given the increasing public awareness surrounding sports-related TBI, efforts are needed to characterize the mechanisms and morbidity and mortality rates of these injuries in the general population.
Here, we use the National Sample Program (NSP) of the National Trauma Data Bank (NTDB)-a registry that prospectively enrolls patients with the purpose of informing trauma care and outcome analyses in the United States. Data from 4788 adult sports-related head injuries collected from 2003 to 2012 were retrospectively analyzed to characterize the demographics, mortality rates, hospital length of stay (LOS), inpatient complications, and discharge disposition of adults with TBI sustained in several broad categories of sports-related injury. Patients in this registry are likely to have had more severe injuries, requiring transport to and treatment at a designated Level I or Level II trauma center.
Predictors of poor outcome were identified across different sports categories, which included fall or interpersonal contact (FIC), equestrian and related sports, roller sports, skiing/snowboarding, and aquatic sports. Our aim was to analyze and report the demographics of sports-related TBI in the adult population seen at trauma centers and to identify characteristics among patients and sports that influence overall morbidity and mortality rates in this age group.
Methods
The methods we used in this study are very similar to those used in the study by Yue et al., which appears in this issue of Neurosurgical Focus. To aid readers, we provide detailed descriptions in both papers. 47 In this study, we used data in the NSP (https://www. facs.org/quality-programs/trauma/ntdb/nsp) of the NTDB from adult patients (age ≥ 18 years) treated at the emergency department (ED) for sports-related TBI in a 10-year period (from 2003 to 2012). The NSP for each year consists of a stratified sample of 100 NTDB-participating hospitals, based on US census region, trauma care designation, and NTDB reporting status. The NTDB drew the hospitals from the sampling universe of 453 Level I or Level II trauma centers with the probability-proportional-tosize-sampling-without-replacement method of Levy and Lemeshow. A previous review determined that the sample size of 100 hospitals can be extrapolated to represent the national patient distribution. 1 Detailed data qualification, selection, cleaning, and standardization algorithms have been previously reported. 38 Because the NSP of the NTDB is a fully deidentified data set without the 18 federal Health Insurance Portability and Accountability Act identifiers, the current study was classified as being exempt from institutional review board review.
From 1,490,076 incidents contained in the overall NSP sample, data from adults who sustained a TBI were extracted as defined by the International Classification of Diseases, Ninth Revision (ICD-9) codes 800-801.99, 803-804.99, and 850-854.19 as previously described (Fig.  1) . 4, 5, 23 The subgroup with sports-related mechanisms of injury was included in the present analysis with ICD-9 Ecodes and stratified into the following 5 categories: FIC, roller sports (skateboarding and traditional roller skating), skiing/snowboarding, equestrian and related sports (i.e., equestrian and rodeo events), and aquatic sports (boating, swimming, diving, waterskiing, etc.) ( Table 1 ). The ICD-9 E-codes in the NTDB do not identify individual sports, and the relative contributions of individual sports to each category are therefore unknown. The data of patients with known sex (variable name "gender"), ED Glasgow Coma Scale (GCS) score (variable name "edgcstotal"), and hospital discharge disposition (variable name "dischdisp" in NTDB 2003 "hospdisp" in NTDB 2007 "hospdisp" in NTDB -2012 were extracted. Seven patients who were noted to have died before hospital admission (variable name "eddisp" = "died," "died in ED") and 4 who had penetrating TBI (variable name "injurytype" = "penetrating") were excluded, yielding a final sample of 4788 cases.
Demographic and clinical variables of interest were extracted to include age, sex, race, health insurance status, medical history, mechanism of injury, scalar and stratified Injury Severity Score (ISS), ED discharge disposition, medical complications, hospital mortality rate, hospital discharge status, hospital LOS, intensive care unit (ICU) LOS, and days on ventilator. 38 Medical comorbidity and complication rates were coded as present or absent, and the Charlson Comorbidity Index (CCI) was calculated with the standard comorbidity weights as previously described. 9, 46 Demographic and clinical variables that were missing or marked as not known or not recorded were coded as "unknown." Outcome analysis of mortality rates included all patients with a known hospital discharge status (n = 4788). An analysis of hospital discharge to home included all patients with a known hospital discharge status, excluding death (n = 4644); these patients were dichotomized to "home, with or without services" versus "skilled nursing facility, rehabilitation, or other form of higher level care." Hospital and ICU LOSs analyses were performed with data from all patients who were alive at hospital discharge (n = 4640).
statistical Analysis
Descriptive variables are presented as mean and SEM for continuous variables unless stated otherwise and as proportions for categorical variables. Statistical significance of differences among groups was assessed with ANOVA for continuous variables and with Pearson's chisquare test for categorical variables. For analyses with individual cell counts < 5, Fisher's exact test was used in place of the chi-square test. Categorical outcome variables (presence of any inpatient complication, mortality rate, and hospital discharge to home) were assessed with binary logistic regression. Continuous outcome variables (hospital and ICU LOSs, and days on ventilator) were assessed with linear regression. All multivariable analyses were conducted with multivariable regression adjusted for the sports mechanism of injury (i.e., FIC, roller sports, skiing/snowboarding, equestrian and related sports, water sports, or other) and demographic and clinical variables (age, sex, race, health insurance, ED GCS score, stratified ISS, medical history of bleeding disorder, and CCI score).
Odds ratios with 95% CI are reported for all logistic regression models, and the mean increase or decrease values with 95% CI are reported for all linear regression models. Statistical significance was assessed at a = 0.05. The Bonferroni correction for multiple comparisons was applied in the 5 outcome analyses (a = 0.05 divided by 5), yielding a statistical significance threshold p = 0.01. All analyses were performed with SPSS version 22 (IBM Corporation).
results

Patient Demographics and sports injury Mechanisms
For the 10-year period chosen for this study (2003- 2012), the NSP recorded 355,388 incidents that resulted in TBI in adults. Traumatic brain injury resulting from the sports injury mechanisms included in this study accounted for 4788 events (Table 2) , which corresponded to 18,310 events in the US population nationally, or roughly 1.3% of adult TBIs requiring admission to US trauma centers. The mean age (± SD) of the cohort was 36.9 ± 16.4 years, and most patients were men (63.9%) and white (79.9%). Consistent with a younger and more active population, patients had, on average, few medical comorbidities, as evidenced by a mean CCI score of 0.2 ± 0.5 and a low prevalence of coagulopathy or needs for anticoagulant medications (1.2%).
Equestrian and related sports accounted for the greatest number of sports-related TBI (45.2%), with FIC (20.3%), roller sports (19.0%), skiing/snowboarding (12.0%), and aquatic sports (3.5%) contributing to the remainder of the included injury mechanisms. The median initial GCS score was 15 (IQR [14] [15] , and the mean ISS was 12.9 ± 8.1. Most patients (85.6%) had mild TBI, and 3.6% and 10.6% had moderate and severe TBIs, respectively. Despite a predominance of mild TBI, more than 80% of those with TBI were admitted to the hospital: 40.9% to the general ward, 8.4% to telemetry-monitored units, and 33.9% to the ICU.
Those patients who were 18-29 years old disproportionately contributed to the number of sports-related TBIs and accounted for 44% of all events, and the relative contributions of each sports injury mechanism varied by age (Fig.  2) . In those 18-29 years old, roller sports (33%) and FIC (26%) contributed most to TBI. In the older subgroups, FIC and roller sports were less common injury mechanisms, reaching rates of approximately 9% and 4%, respectively. Skiing/snowboarding injuries showed a similar trend from ages 18-59 years, but exhibited a small resurgence in patients older than 60 years. Conversely, equestrian and related sports showed age-dependent increases, increasing from 21% in those 18-29 years to 71% in those 60 years or older. Aquatic sports contributed the least to the injuries in each age group and showed no significant age-specific trends.
inpatient Characteristics and Complications in sportsrelated tbi
The mean hospital LOS across the different sports categories was 4.25 ± 0.09 days. Of these hospital stays and for all hospitalized patients, on average 1.60 ± 0.06 and 0.63 ± 0.04 days were spent in the ICU and on a ventilator, respectively. When those admitted to the ICU or on a mechanical ventilator were analyzed separately, the Accident involving animal being ridden injuring unspecified person 9 Aquatic sports 169 831. 4 Accident to watercraft causing other injury to water skier 22 831. 5 Accident to watercraft causing other injury to swimmer 3 832. 4 Other accidental submersion or drowning in water transport accident injuring water skier 5 832. 5 Other accidental submersion or drowning in water transport accident injuring swimmer 0 833. 4 Fall on stairs or ladders in water transport injuring water skier 0 833. In total, 259 patients (5.4%) had medical complications during their hospital stay. These complications included acute kidney injury or renal failure, pneumonia, pulmonary embolism, acute respiratory distress syndrome, cardiac arrest, myocardial infarction, cerebrovascular accident, coagulopathy, decubitus ulceration, deep venous thrombosis, and urinary tract infection. Broken down by sports category, the complication rates were as follows: FIC 3.1%, roller sports 5.9%, skiing/snowboarding 5.4%, equestrian and related sports 5.7%, and aquatic sports 11.8%.
Univariate statistical analysis confirmed that the differences observed in the complication rates for FIC and aquatic sports TBIs reached statistical significance (p < 0.05). Multivariable regression analysis indicated that age, sports mechanism of injury, moderate or severe TBI, and an ISS of 16-24, 25-75, or unknown were statistically significant predictors of medical complications ( Table  5) . Among the sports categories, an aquatic sports injury was associated with greater odds of complications (OR 3.7, 95% CI 1.8-7.3, p < 0.001) and appeared to be driving the statistically significant association with inpatient medical complications. A post hoc analysis suggested that this increased likelihood of complications was attributable to a higher prevalence of pulmonary diseases such as pneumonia (8.5%, p < 0.001) and acute respiratory distress syndrome (3.1%, p = 0.011) among those with TBI due to aquatic sports.
Mortality rates and Discharge Disposition
We next sought to characterize the predictors of hospital discharge disposition and overall mortality rates. In total, 144 deaths occurred in the cohort as a result of sportsrelated TBI. This corresponded to a mortality rate of 3.0% for sports-related TBI in patients presenting to a trauma center. For the individual sports categories, the mortality rates were as follows: FIC 2.3%, roller sports 4.1%, skiing/ snowboarding 2.1%, equestrian and related sports 2.8%, and aquatic sports 7.7%.
Multivariable analyses indicated that age, sports mechanism of injury, severe TBI, and an ISS of 16-24, 25-75, or unknown were statistically significant predictors of death (Table 6 ). Of note, after multiple comparisons correction (at a statistical significance threshold p = 0.01), this analysis indicated that a TBI incurred during roller sports was associated with a statistically nonsignificant trend for greater odds of death (OR 2.0, 95% CI 1.0-4.1, p = 0.048). A similar but also statistically nonsignificant trend was observed for aquatic sports (OR 2.6, 95% CI 1.0-6.6, p = 0.053). Among the patients who survived their injuries, 3943 (84.9%) and 701 (15.1%) were ultimately discharged to home and to rehabilitation or skilled nursing facilities, respectively. Across the sports categories, the rates of return to home were as follows: FIC 86.8%, roller skating/skateboarding 86.1%, skiing/snowboarding 84.0%, equestrian and related sports 84.4%, and aquatic sports 76.3%. Univariate analysis indicated that the rate of return to home after an injury in aquatic sports was significantly lower than the return rates for the other sports injury mechanisms (p = 0.009).
Multivariable logistic regression analysis indicated that age, presence of coagulopathy, ED hypotension, moderate or severe TBI, and an ISS of 16-24, 25-75, or unknown were significant predictors of diminished odds of returning home ( Table 7) . After multiple comparisons correction (threshold p = 0.01) with respect to the sports injury mechanism, aquatic sports were associated with a statistically nonsignificant trend of lower odds of return to home (OR 0.6, 95% CI 0.4-1.0, p = 0.030).
Discussion
Sports-related TBI is an important public health concern that has gained growing recognition by both the medical community and the lay public. Previous studies have reported on the incidence of sports-related TBI in various ED populations. 10, 17, 39 However, the absence of inpatient and acute outcome data has precluded an analysis of hospital LOS, discharge disposition, and mortality rates after sports-related TBI. In the present analysis of an NTDB data set collected over a 10-year interval, we characterized the demographic profiles, hospital and ICU LOSs, medical complications, mortality rates, and discharge disposition across multiple broad categories of sports disciplines in adults admitted for sports-related TBI to Level I and Level II US trauma centers. To our knowledge, this study is the first to characterize predictors of acute outcomes of adult sports-related TBI across several sports categories.
In our analysis of TBI in patients seen at Level I and Level II trauma centers, we found that mild TBI accounted for more than 80% of sports-related TBIs, a finding that is consistent with previous reports. 39 The predictors of mortality rates in sports-related TBI were nearly identical to those identified in the Corticosteroid Randomization after Significant Head Injury (CRASH) and International Mission for Prognosis and Analysis of Clinical Trials in TBI (IMPACT) TBI prognostic models, that is, age, hypotension, GCS score, and presence of extracranial injury. 22, 35, 42 Not surprisingly, these variables were also significantly associated with prolonged hospital and ICU LOSs and discharge disposition, suggesting that these prognostic models, although validated with cases of moderate and severe TBIs, likely also apply to patients with sports-related TBI. Whether including a sports-specific mechanism of injury improves the prognostic accuracy of these models in this population remains to be determined.
Across the sports categories analyzed, we noted several important trends. Equestrian and related sports were the largest contributor to sports-related TBI in adults and accounted for more than 50% of all TBIs in those older than 40 years. This finding is consistent with those in previous reports indicating greater rates of severe traumatic injury in equestrian and related sports than in other sports including football, rugby, and skiing. 20, 31, 32, 49 One report found that, when normalized for hours of activity, horseback riding results in a higher rate of hospital admission than other high-risk activities such as motorcycle riding. 40 Interestingly, head injuries in equestrian and related sports were not associated with increased mortality rates, prolonged hospital LOS, or discharge disposition when compared with those incurred in other sports. Rates of helmet use are 25% or lower across equestrian sports, despite the fact that helmets have been associated with as much as a 40%-50% reduction in absolute risk for TBI. 49 Thus, our work adds to the growing body of evidence highlighting the risks for TBI in equestrian sports. One clear approach for reducing Fig. 2 . Demographics of sports-related TBI by age and sports mechanism of injury. left: Graph depicting the number of sportsrelated TBI events in each adult age group. right: Graph depicting the proportions of sports-related TBI attributed to FIC, roller skating/skateboarding, skiing/snowboarding, equestrian and related sports, and aquatic sports in the 5 age groups.
the burden of TBI in this population is the promotion of helmet use.
The value of helmets in adult sports activities is further illustrated in a comparison of TBI due to roller sports with that due to skiing/snowboarding. Roller sports-related TBI, in our analysis, was associated with significantly increased odds of increased mortality rate, whereas skiing/snowboarding was not. Similarly, skiing/snowboarding TBI was associated with a shorter ICU LOS but not hospital LOS. Helmet use among skiers and snowboarders has been reported to exceed 70% and increases with each passing year. 4, 14 In contrast, helmet use in skateboarding is lower than 7%, and 41.5%-75% of skateboarding accidents result in TBI. 23, 43 It seems reasonable to hypothesize that these differences in outcome between roller sports and skiing/snowboarding may in part reflect a difference in helmet use. Unfortunately, the NTDB did not capture helmet use consistently enough to test this hypothesis in our analysis.
In terms of overall numbers, aquatic sports were the smallest contributor to sports-related TBI, an observation that is in keeping with a previous report. 39 Despite their low prevalence, TBIs due to aquatic sports were consistently associated with poor outcomes, including prolonged hospital and ICU LOSs, higher rates of medical complications, diminished odds of return to home, and a strong, statistically significant trend toward increased mortality rate that likely failed to reach significance because of the small sample size. We hypothesize that patients who had an aquatic sports-related TBI are at increased risk for submersion after an injury, which predisposes them to aspiration. Such patients therefore exhibit higher rates of pulmonary complications, anoxic injury (in cases of drowning or near drowning), and hypothermia. 18 Jumping or diving into a swimming pool accounts for the greatest number of water sports-related TBI. Therefore, we urge increased awareness about the dangers of these activities in and around the swimming pool. Although previous efforts have investigated cervical spinal cord injuries in aquatic sports, 8 no dedicated studies of TBI have yet been conducted, and our findings suggest that additional studies of the complications and of morbidity and mortality rates involving aquatic sports and TBI are warranted.
limitations
This study is not without limitations. The analysis included only sports-related TBI of patients who presented to US Level I and Level II trauma centers participating in the NTDB. It therefore captured only the most severe injuries, that is, those that required care in tertiary care hospitals. Consequently, our analysis did not include unreported sports-related TBI, nor did it capture injuries incurred through mechanisms that fall outside the coding parameters of the NTDB. We therefore expect that our analysis of sports-related TBI did not estimate its true prevalence, which is likely several times that of our reported number of injuries. The NSP of the NTDB is a large prospectively enrolling database. However, patients are enrolled on a volitional basis through convenience sampling, which may introduce bias into the data set. All analyses are retrospective and may be skewed by inaccurate or missing data. Underreporting of TBI-related ICD-9 E-codes may have caused underestimation of their prevalence in our descriptive statistics. Similarly, the ICD-9 E-codes in the NTDB do not permit identifying individual sports. Given the currently heightened scrutiny of an association between football and TBI, additional details about specific sports disciplines would have been helpful for comparing contact sports with noncontact sports. Despite these limitations, the NTDB has been extensively used to elucidate the epidemiology of different traumatic injuries and is the most comprehensive trauma database available for Level I and Level II trauma centers.
Conclusions
Age, hypotension, severity of head and extracranial injuries, and sports mechanism of injury were important prognostic variables in adult sports-related TBI observed at Level I and Level II trauma centers. Increasing TBI awareness and helmet use-particularly in equestrian and roller sports-are critical elements for reducing sportsrelated TBI in adults. The category of aquatic sports was an independent predictor of poor outcome after TBI via an increased risk for pulmonary complication. Increased age was a strong predictor for TBI in equestrian and related sports. Understanding the characteristics of sports-related TBI in terms of complication, morbidity, and mortality rates may help focus public awareness on efforts to reduce the incidence of these debilitating injuries. 
